e Chlamydiae are widespread Gram-negative pathogens of humans and animals. Salicylidene acylhydrazides, developed as inhibitors of type III secretion system (T3SS) in Yersinia spp., have an inhibitory effect on chlamydial infection. However, these inhibitors also have the capacity to chelate iron, and it is possible that their antichlamydial effects are caused by iron starvation. Therefore, we have explored the modification of salicylidene acylhydrazides with the goal to uncouple the antichlamydial effect from iron starvation. We discovered that benzylidene acylhydrazides, which cannot chelate iron, inhibit chlamydial growth. Biochemical and genetic analyses suggest that the derivative compounds inhibit chlamydiae through a T3SS-independent mechanism. Four single nucleotide polymorphisms were identified in a Chlamydia muridarum variant resistant to benzylidene acylhydrazides, but it may be necessary to segregate the mutations to differentiate their roles in the resistance phenotype. Benzylidene acylhydrazides are well tolerated by host cells and probiotic vaginal Lactobacillus species and are therefore of potential therapeutic value.
C
hlamydiae are a group of Gram-negative bacteria that require eukaryotic cells as hosts for replication (1) . Chlamydia pneumoniae and Chlamydia trachomatis are important human pathogens. C. pneumoniae is an etiologic agent of pneumonia and bronchitis and a potential cofactor for atherosclerosis (2) and lateonset Alzheimer disease (3, 4) . C. trachomatis is the most prevalent sexually transmitted bacterial pathogen (5, 6) . Repeated urogenital chlamydial infections may lead to devastating complications, including ectopic pregnancy, abortion, tubal factor infertility, and pelvic inflammatory disease. Among the non-human-pathogenic chlamydiae, Chlamydia muridarum is a particularly useful organism due to its ability to model human chlamydial infections in mice (7) (8) (9) . In addition, several C. trachomatis serotypes cause conjunctivitis and are the most common infectious agents associated with blindness in some developing countries (10, 11) .
Chlamydiae share a biphasic developmental cycle consisting of two alternating cellular forms-the infectious but nondividing elementary body (EB) and the proliferative but noninfectious reticulate body (RB). Chlamydial infection is initiated with the binding of an EB to the host cell and the formation of an EBcontaining vacuole, termed an inclusion. Inside the inclusion, the EB differentiates into an RB, which replicates by binary fission. Around the midpoint of the developmental cycle, RBs progressively reorganize back to EBs, which are then released from the host cell at the end of the developmental cycle (12, 13) .
Chlamydiae encode a type III secretion system (T3SS) (14) , a needle-like structure found in many Gram-negative pathogens. As a virulence factor, T3SS manipulates host cell function by translocating proteins with signaling activities from the bacterial cytoplasm into the host cell (15) (16) (17) (18) . Thus, inhibition of T3SS is an attractive therapeutic strategy for infectious diseases (19, 20) . Indeed, treatment of Yersinia with salicylidene acylhydrazides, inhibitors of T3SS, reduces the secretion of bacterial virulence proteins (20, 21) .
Salicylidene acylhydrazides also inhibit the secretion of certain proteins from chlamydiae (22) (23) (24) . In addition, these compounds inhibit chlamydial growth (22, 23, 25, 26) . Nevertheless, it was not certain if these compounds exert their antichlamydial effect through direct inhibition of the chlamydial T3SS since the effect can be reversed with iron (26) . This uncertainty was further augmented by the observation that salicylidene acylhydrazides also inhibit the growth of human immunodeficiency virus 1 in an irondependent manner (27) . Therefore, we wanted to investigate whether or not it would be possible to segregate the antichlamydial effect, T3SS inhibition, and iron chelation by modifying salicylidene acylhydrazides. Here, we report that benzylidene acylhydrazides, derived by relocation of the hydroxyl group required for iron chelation, have T3SS-independent antichlamydial effects. Significantly, the antichlamydial effects of the derivatives are not affected by the addition of iron, and they are better tolerated by host cells than salicylidene acylhydrazides. Thus, benzylidene acylhydrazides constitute a new class of antichlamydials. (3, 5 ,-dibromo-2-hydroxybenzylidene)-4-nitrobenzohydrazide] has been reported previously (21, 28) . CF0001 [N=-(3,5-dibromo-4-hydroxybenzylidene)-3-nitrobenzohydrazide] and CF0002 [N=-(3,5-dibromo-4-hydroxybenzylidene)-4-nitrobenzohydrazide] were prepared according to published procedures (29) . 1 H nuclear magnetic resonance (NMR) and 13 C NMR spectra were recorded with a Bruker DRX-400 spectrometer at 400 and 100 MHz, respectively. NMR experiments were conducted at 298 K in dimethyl sulfoxide (DMSO-d 6 ) (residual solvent peaks, 2.50 ppm [␦H] and 39.52 ppm [␦C]). Liquid chromatography-mass spectrometry (LC-MS) was carried out with a Waters LC system equipped with an Xterra C 18 column (50 by 19 mm, 5 m, 125 Å), eluted with a linear gradient of CH 3 CN in water, both of which contained formic acid (0.2%). A flow rate of 1.5 ml/min was used, and detection was performed at 214 nm. Mass spectra were obtained on a Water micromass ZQ 2000 using positive and negative electrospray ionization (ESI). All target compounds were Ն95% pure according to high-performance liquid chromatography (HPLC) UV traces. CF0001, 1 ] and 20 g/ml, respectively). For inhibition tests and selection of CF0001-resistant mutants, HeLa cells were about 50 to 70% confluent at the time of inoculation if the culture was to be treated with the inhibitor. For blind passaging without CF0001 treatment during mutant selection, cells were nearly confluent at the time of inoculation, and cycloheximide was added to a final concentration of 1 g/ml. For expansion and titration of EB stock, cells were also nearly confluent and cycloheximide was included.
MATERIALS AND METHODS

Compounds. Synthesis of INP0007 [N=-
Wild-type C. muridarum (strain Nigg II, traditionally known as mouse pneumonitis pathogen [MoPn]), wild-type C. pneumoniae (strain AR39) and C. trachomatis serovar L2 (strain 434/Bu) were purchased from ATCC. Wild-type C. trachomatis serovar D (UW-3/CX) and the isogenic mutants designated D-EC and D-LC have been described previously (30) . Wild-type C. trachomatis serovar A (strain HAR-13) (31) was kindly provided by Guangming Zhong (University of Texas Health Sciences Center at San Antonio). Selection of MCR, an MoPn variant resistant to CF0001, was initiated by inoculating a T75 flask with 10 7 inclusion-forming units (IFU) of MoPn EB and culture in medium containing 100 M CF0001 for 48 h. With this multiplicity of infection (MOI) (about 3 IFU/cell), small inclusions were occasionally observed, even though 100 M CF0001 was able to completely prevent inclusion formation at an MOI of 0.2. Half of the harvest was inoculated onto HeLa cells in another T75 flask, which was cultured again with medium containing 100 M CF0001. No inclusions were visible at the end of this second passage in the presence of the inhibitor (48 h after inoculation). The culture was harvested, and 100% of the harvest was inoculated onto another T75 flask, which was cultured in the medium supplemented with 1 g/ml cycloheximide but no CF0001. In the absence of any visible inclusions under the microscope, the culture was harvested and "blind passaging" was repeated three additional times without CF0001 treatment. A few inclusions were sporadically observed (less than one inclusion per field) in the fourth blind passage, which was harvested and passed into a new flask of HeLa cells. CF0001 treatment and blind passaging were repeated as guided by the apparent detection (or not) of inclusions in the cultures. After a total of 15 passages with 100 or 110 M CF0001 and 21 inhibitor-free passages, inclusions persisted in three consecutive passages in the presence of 100 M CF0001, which indicated emergence of CF0001 resistance. The mutant, designated MCR, was further cultured with medium containing 120, 130, 140, 150, and 160 M CF0001 for 10, 4, 1, 1, and 1 passage, respectively. The mutant harvested from the passage with 160 M CF0001 was expanded in the absence of the inhibitor. EBs were purified with ultracentrifugation in RenoCal gradients, and aliquots were frozen at Ϫ80°C (32).
Analysis of Yersinia T3S. The effects of CF0001, CF0002, and INP0007 on the Yersinia pseudotuberculosis type III secretion (T3S) strain (YPIII) were determined using a previously described luciferase reporter gene assay for Yersinia outer protein E (YopE) secretion (20, 21) . Briefly, an overnight culture of YPIII(pIB102) yopE-luxAB cells was diluted into calcium-depleted brain heart infusion (BHI) (5 mM EGTA, 20 mM MgCl 2 ) in a white 96-well plate with CF0001, CF0002, and INP0007 at 25 to 150 M or 1% DMSO. After 1 h of shaking incubation at 26°C, type III secretion (T3S) was induced by raising the temperature to 37°C for 2 h on a rotary shaker. Luminescence was measured in a microtiter plate reader after addition of decanal. Inhibition of Yop secretion was confirmed in the wild-type Y. pseudotuberculosis strain YPIII(pIB102). Briefly, bacteria were grown at 26°C for 30 min with 100 M compound or solvent (1% DMSO) in BHI containing 0 or 2.5 mM CaCl 2 and then shifted to 37°C for 3 h of continued incubation. Secreted proteins in the culture supernatants were concentrated by trichloroacetic acid precipitation, separated by SDS-polyacrylamide gel electrophoresis, visualized by Coomassie blue staining, and identified by their sizes (20, 21) .
Determination of tolerance by Lactobacillus. Lactobacillus crispatus strain ATCC 33820, Lactobacillus gasseri strain ATCC 33323, and Lactobacillus jensenii strain ATCC 25258 were cultured with Lactobacilli MRS broth (Difco) in a humidified 5% CO 2 incubator (33) . To test the effects of benzylidene acylhydrazides on lactobacilli, overnight cultures were diluted 1:100 with fresh MRS broth containing CF0001, CF0002, or the vehicle DMSO. The optical density at 600 nm (OD 600 ) was measured on an Amersham spectrophotometer. When necessary, cultures were diluted with MRS until the reading fell below 0.7, where the OD 600 remained linear for the bacterial concentration.
Chlamydia inhibition tests. Conditions for the evaluation of inhibition by small compounds have been previously described (33, 34) . At the time of inoculation, cells were about 60 to 70% confluent. The MOI was 0.2. Centrifugation (545 ϫ g for 30 min at room temperature) was used to facilitate infection of the C. trachomatis A and D strains. Chemical treatment was initiated by replacement with medium containing the indicated concentrations of an inhibitor or the vehicle DMSO (final concentration, 1%) 1.5 to 2 h postinoculation. Twenty-four hours (MoPn and MCR), 30 h (C. trachomatis D strains), or 40 h (C. trachomatis A and C. pneumoniae) after inoculation, cultures were terminated by methanol fixation and/or scraping. Methanol-fixed cells were subjected to sequential reactions with a primary antibody and a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (33, 34) . Either Evans blue or 4=,6-diamidino-2-phenylindole dihydrochloride (DAPI) was used as a counterstain.
The scraped-off cells were disrupted by brief sonication to release C. muridarum, C. trachomatis A, and C. pneumoniae or by vortexing the cell suspension after the addition of 4 glass beads to release C. trachomatis D. Recoverable IFU were quantified by inoculating secondary cultures with 1:10 serially diluted lysates and immunostaining. The primary antibodies used for immunostaining were monoclonal mouse anti-major outer membrane protein (anti-MOMP) clone MC22 (for detection of C. muridarum), monoclonal antilipopolysaccharide (anti-LPS) clone EVIH1 (for detection of C. trachomatis D), polyclonal mouse anti-MoPn EBs (for detection of C. trachomatis A and C. muridarum), and polyclonal rabbit anti-AR39 (for detection of C. pneumoniae).
Determination of host cell tolerance. HeLa cells were seeded onto 24-well plates at a density of 10 4 cells/well. After overnight growth, cells were switched into culture medium containing INP0007 or CF0001. Forty-eight hours later, cells were enumerated after they were detached from the plastic by trypsinization.
DNA sequencing analyses. Sequences of selected regions in the genome were determined using the automated fluorochrome-conjugated dideoxynucleotide termination sequencing technique, a Sanger sequencing method (33) . The genome of MCR was sequenced on the Solexa platform as we have described previously (34) .
Preparation of RNA and genomic DNA for quantitative analyses. HeLa cells were inoculated with purified EBs of MoPn or MCR at an MOI of 0.2. Two hours later, free EBs were removed by washes. Infected cells were harvested using the TRI reagent (Sigma-Aldrich) by following the manufacturer's instructions. The harvest was centrifuged at 2,000 ϫ g. Genomic DNA was extracted from the interphase and organic phase; total RNA was extracted from the aqueous phase. RNA samples were subjected to 2 cycles of RNase-free DNase treatment. Reverse transcription was performed as previously described (34) .
qPCR. Quantitative PCRs (qPCRs) using either cDNA or genomic DNA as the template were performed as previously described (34) .
Preparation of GrgA. The open reading frame (ORF) of C. muridarum GrgA (TC0791) and its mutated version carrying an R51G substitution found in MCR were cloned into pET28a between the NdeI and XhoI sites. Expression of the N-terminally His 6 -tagged proteins were carried out as previously described (35) . Recombinant proteins were purified from guanidine hydrochloride-denatured Escherichia coli extract using metal TALON affinity resin (Clontech) and renatured through stepwise dialysis (35) . Purified proteins were stored at Ϫ80°C prior to use.
In vitro transcription assay. The transcription activation activities of recombinant GrgA and R51G GrgA were determined using the in vitro transcription reporter plasmid pMT1125-Z100, in which a defA promoter leads a guanine-less cassette, chlamydial RNA polymerase partially purified from C. trachomatis L2, and indicated concentrations of either GrgA or R51G GrgA (35) . Reactions were initiated by the addition of ␣-[
32 P]CTP, ATP, UTP and 3=-O-methyl-GTP and were terminated 10 min later by adding 70 l of 2.86 M ammonium acetate containing 4 mg of glycogen and placing the tubes onto ice. Transcribed RNA was precipitated with ethanol, resolved with urea-polyacrylamide gel electrophoresis, visualized, and quantified using a Typhoon PhosphorImager (35) . For experiments determining the effects of CF0001 and CF0002, the compounds were first mixed with GrgA or R51G GrgA before the addition of the RNA polymerase (RNAP) and plasmid DNA template. The mixture was incubated on ice for 30 min prior to the initiation of the reaction.
ATP import assay. ATP uptake by E. coli ATM1173, which expresses His-tagged ATP/ADP translocase (CTL0321), was determined as previously reported (36) with modifications. In preliminary experiments, ATM1172, which carries the empty pET19 plasmid, failed to practically take up radioactivity (data not shown), which is consistent with the findings of Fisher et al. (36) . Therefore, ATM1172 was not included in later experiments. Briefly, bacteria were grown in Luria-Bertani (LB) broth containing 100 g/ml ampicillin at 37°C on a shaker. For the ATP import assay, overnight bacterial cultures were diluted 50-fold with fresh LB broth containing 1 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG), which activates the T7 polymerase-controlled expression system. When cultures reached an OD of ϳ0.6, bacteria were collected by centrifugation at 3,000 ϫ g and washed twice with the M9 minimal medium prechilled on ice. Bacteria were resuspended in M9 medium. Each assay mixture, in a total volume of 100 l of M9 medium, contained 10 8 bacteria and 50 nM (800 Ci/mmol) [␣-
32 P]ATP (MP Biomedicals) with or without CF0001, CF0002, or NAD. Reactions were initiated by transferring the tubes to a 37°C water bath and were terminated 10 min later by placing the tubes onto ice. Extracellular ATP was removed by filtration through 0.2-mpore polyvinylidene difluoride membranes, and the amounts of radiolabeled ATP transported into the cells were quantified by scintillation counting of bacteria retained on the filters.
Nucleotide sequence accession number. The complete genome sequence of MCR has been deposited into the NCBI genome database under accession no. CP007276. (Fig. 1A) and other salicylidene acylhydrazides are inhibitors of T3SS. We found that relocation of the hydroxy and nitro groups in INP0007 to give CF0001 (Fig. 1B) resulted in loss of T3SS inhibition in Y. pseudotuberculosis. Accordingly, INP0007, in the range of 25 to 100 M, demonstrated progressive inhibition of T3S; in contrast, CF0001 showed no dose-dependent effect at concentrations up to 150 M (Fig. 1C) . Data for INP0007 at 150 M could not be obtained due to compound precipitation. Coomassie blue staining of secreted proteins resolved by SDSpolyacrylamide gel electrophoresis (20, 21) confirmed the lack of inhibition of Yop secretion by 100 M CF0001 in the wild-type Y. pseudotuberculosis strain YPIII(pIB102) (data not shown).
RESULTS
Loss of T3SS inhibition following conversion of INP007 into CF0001. INP0007
Antichlamydial activity of CF0001. Both CF0001 and INP0007 inhibited C. muridarum (MoPn) in a dose-dependent manner, as demonstrated by direct staining of inclusions that formed on HeLa cell monolayers. Accordingly, reductions of both inclusion size and number were observed starting with 20 M CF0001 ( Fig.  2A , upper panel) and 10 M INP0007 ( Fig. 2A, lower panel) . The Better tolerance of CF0001, compared to INP0007, by host cells was apparent in infected cultures by 24 h (Fig. 2A) . The differential cytotoxic effects were further demonstrated by treatment of uninfected cells with either 100 M CF0001 or 30 M INP0007, which had comparable inhibition efficiencies, starting around 20% cell confluence. Forty-eight hours later, there were about 4-fold more cells in wells treated with DMSO or CF0001 than in wells treated with INF0007 (Fig. 2C) . Taken together, these findings suggest that CF0001 is an antichlamydial compound that is well tolerated by HeLa cells.
Reversal of antichlamydial activity of INP0007 but not of CF0001 by iron. The inhibition of chlamydial infection by some salicylidene acylhydrazides can be reversed with iron (26) . Consistent with this, either 0.5 mM FeSO 4 or 0.5 mM FeCl 3 restored chlamydial growth in the presence of 30 M INP0007. In CF0001, the hydroxyl group in INP0007 that participates in iron chelation is shifted to a position that does not allow formation of the metal chelate. Thus, neither FeSO 4 nor FeCl 3 could reverse the antichlamydial activity of CF0001 (Fig. 3) . These results suggest that INP0007 and CF0001 inhibit chlamydiae through different mechanisms.
Selection of CF0001-resistant chlamydial mutants. To determine the molecular targets of CF0001, we set out to select for CF0001-resistant mutants. A lengthy selection process that lasted 3 months led to the isolation of a mutant, designated MCR (MoPn with CF0001 resistance). CF0001 resistance in MCR was demon- strated by increased abilities to form more and larger inclusions (Fig. 4A ) and to produce increased numbers of EBs (Fig. 4B ) in the presence of the inhibitor. This resistance was stable after 6 passages, which is estimated to be more than 30 generations based on 5 to 7 doubling cycles per passage, using medium free of the inhibitor (data not shown). Procedures performed in parallel starting with 5 ϫ 10 7 IFUs failed to isolate a resistant mutant from C. trachomatis L2.
Cross-resistance to CF0002 but not to INP0007 in MCR. We next synthesized CF0002 and determined its effect on the growth of wild-type MoPn and MCR. CF0002 (Fig. 5A ) has an identical structure to CF0001 (Fig. 1B) , except the NO 2 group is in the same position as in INP0007 (Fig. 1A) . Similar to CF0001 (Fig. 1C) , CF0002 failed to inhibit T3S in Yersinia, as demonstrated by the luciferase reporter assay (Fig. 5B) and staining of secreted proteins (data not shown). While growth of the parental MoPn was inhibited by CF0002 at a comparable efficiency to CF0001; MCR displayed increased tolerance to CF0002 (Fig. 5C and D) . These results suggest that the benzylidene acylhydrazides CF0001 and CF0002 inhibit chlamydiae through the same mechanism.
We also compared the inhibition efficacies of INP0007 in wildtype MoPn and MCR. MCR did not show any cross-resistance to INP0007. In fact, MCR was even more susceptible to INP0007 than the parental organism (Fig. 5E) . These results further support the notion that CF0001 and CF0002 exert their antichlamydial effects through a mechanism that is distinct from the one that INP0007 utilizes.
Identification of four point mutations in the MCR genome. To identify potential target(s) of CF0001 and CF0002, we sequenced the entire genome of MCR using the Solexa single-molecule sequencing technology (34) . A total of 9,951,355 Solexa reads of 31 bp were mapped onto the MoPn reference genome (37) . This represents a Ͼ50ϫ average depth and 99.976% coverage of the 1,073-kb reference genome and 100% coverage of the 7,501-bp MoPn plasmid and leaves 12 short gaps of 262 bp in total. The gaps were filled by Sanger sequencing.
Solexa sequencing identified 8 insertion/deletion sites (indels) in the genome of MCR. Sanger sequencing confirmed that all of these 8 indels were also present in the parental strain. Solexa also identified 31 potential single nucleotide polymorphisms (SNPs) in the genome of MCR. Nineteen of the 31 SNPs were reported because of the nucleotide ambiguity in the reference genome (37) . Sanger sequencing confirmed that the parental strain had the same nucleotides as in the MCR at all 19 sites (data not shown) and found that only 4 of the 12 remaining SNPs identified by Solexa represented specific changes found only in MCR, whereas the other 8 SNPs were present in both MCR and the parental strain (data not shown). For description convenience, the 4 MCR-specific SNPs are named SNP1 to -4 according to their locations in the genome (Table 1) . Increased EB production in the presence of CF0001 as determined by quantifying recoverable EBs from CF0001-treated cultures. Infection and treatment were carried out as described in Fig. 2 , with the exception that cells were counterstained with the DNA dye DAPI in panel A.
Inhibition of C. pneumoniae bearing the MOMP mutation of MCR by CF0001. SNP1 causes an A228V mutation in the major outer membrane protein (MOMP) ( Table 1 ). According to a structural model, A228 is predicted to be in a conserved ␤-sheet located in the lipid bilayer (38) . Since MOMP may function as a porin (39) (40) (41) , it is plausible that it mediates the entry of CF0001 and CF0002, and an intramembrane domain mutation in it may change the property of the pore, leading to decreased entry. A228 is conserved among all sequenced strains of C. muridarum, C. trachomatis, and C. felis but is substituted for by valine in C. pneumoniae, similar to MCR. If the A228V substitution is responsible for the resistance phenotype in MCR, C. pneumoniae would also be resistant to the inhibitors, assuming that other amino acid changes in the protein do not affect inhibition efficacy. However, CF0001 effectively inhibited C. pneumoniae AR39 (Fig. 6) . From the comparison of the inhibition data for AR39 (Fig. 6 ) with data for the parental MoPn strain (Fig. 2B,  left) , it appears that the human respiratory pathogen may be even slightly more susceptible to the inhibitor than the murine pathogen ( Fig. 2 and 6 ).
Decreased expression of the ATP/ADP translocase gene with SNP2 in MCR. SNP2 was located in a noncoding region between the TC0335 and TC0336 genes, which code for an ATP/ADP translocase (42) and a hypothetical protein, respectively. A previous study has identified the transcription start site of gene CTLon_0316 in the C. trachomatis L2c strain (43) . CTLon_0316 is a homolog of TC0335. Sequence alignment indicates that CTLon0316 and TC0335, both coded for by the lower strand, share the same transcription start site and that SNP2 changes the 10th nucleotide in the TC0335 mRNA (Fig. 7A ). In addition, there is a strong Rho-independent transcription termination signal 47 bp downstream of the translational stop codon of TC0336 and 61 bp upstream of the predicted transcription start site of TC0335 (sequence not shown), which codes for an ATP/ADP translocase (42) . These findings suggest that SNP2 is unlikely to affect the expression of TC0336. To test if SNP2 affects expression of the translocase, we used qPCR to quantify its mRNA and control transcripts of rpsA and rpsD (44) at multiple points (2, 8 , and 16 h) in the developmental cycle. We detected consistent decreases in the translocase expression (Fig. 7B) . These findings suggest that CF0001 and CF0002 do not directly target the translocase per se; however, decreased expression of the translocase may lead to resistance if the translocase mediated the entry of the inhibitors.
To test the latter possibility, we determined the effects of CF0001 and CF0002 on the ability of E. coli ATM1173, which expresses the translocase, to import ATP. As expected, NAD, which is transported into chlamydiae through the same translocase (36) , inhibited the uptake of [␣-
32 P]ATP in a dose-dependent manner (data not shown). In contrast, neither CF0001 nor CF0002 demonstrated any effect on ATP import in these bacteria (Fig. 7C) , suggesting that the ATP/ADP translocase does not mediate the entry of benzylidene acylhydrazides.
Inhibition of Chlamydia by CF0001 and CF0002 is not affected by mutations in the gene coding for the virulence factor CT135. SNP3 caused translation termination at codon 24 in TC0412, homolog of the C. trachomatis virulence factor CT135 (30) . The amino acid sequence of TC0412 is 96% identical to that of CT135, a 360-amino-acid virulence factor identified in the human pathogen C. trachomatis serovar D strain CtD using a murine infection model (30, 45) . The effect of SNP3 on TC0412 protein expression resembles the effect of the single-nucleotide deletion in the late-clearance CtD mutant (LC-CtD) (30): whereas SNP3 converts the Leu-24 codon to a translation stop codon, a thymine deletion from CT135 in the LC-CtD mutant causes a frameshift at codon 45 (30) . Therefore, we determined the effects of CF0001 and CF0002 on wild-type CtD and the isogenic mutants LC-CtD and EC-CtD (early clearance variant due to a frameshift at codon 182). As shown in Fig. 8 , all three strains exhibited similar susceptibilities to the two compounds. These results suggest that the CT135 frameshift mutations in LC-CtD and EC-CtD do not affect the inhibition efficiency of the compounds.
Transcription activation activity of GrgA is compromised by SNP4 but not inhibited by CF0001 or CF0002. SNP4 caused a single-amino-acid substitution (R51G) in TC0791, a homolog of transcription activator GrgA recently identified in C. trachomatis L2 (35) . TC0791 shares 80% sequence identity and 90% similarity to GrgA of C. trachomatis L2 (alignment not shown). Therefore, TC0791 is expected to function as a transcription activator as well. Indeed, His-tagged TC0791 demonstrated transcription activation activity in vitro (Fig. 9A) . Interestingly, compared to the wildtype C. muridarum GrgA, the R51G GrgA found in MCR exhibits an apparent defect in transcription activation (Fig. 9A) . Nonetheless, neither CF0001 nor CF0002 demonstrated any apparent effects on the transcription activation activity of wild-type GrgA (Fig. 9B) . These data suggest that the compounds do not directly target GrgA.
The growth defect is an unlikely cause for resistance in MCR. After being unable to identify any of the mutated genes as a clear target for benzylidene acylhydrazides, we investigated if MCR might have a lower growth rate and consequently displays phenotypic resistance. We performed qPCR to compare genome copy numbers for cultures infected with purified EBs of MCR and the parental MoPn at different time points along the developmental cycle. Interestingly, the fold increases in the genome copy number at 8 and 16 h, compared to 2 h postinoculation, in MCR-infected cultures, were significantly lower than those in MoPn-infected cultures (Fig. 10A) . However, the difference disappeared 24 and 30 h postinoculation. These data suggest that MCR suffers growth deficiency at an early stage of the developmental cycle. It should be pointed out that the lower growth rate of MCR prior to 16 h was not due to a lower inoculum. In fact, qPCR analyses showed a slightly higher number of input EBs for MCR than for MoPn.
To deduce whether the growth defect may be the cause of increased resistance to benzylidene acylhydrazides in MCR, we performed inhibition tests for C. trachomatis A, an ocular pathogen that grows slowly in the genital epithelial HeLa cells (46) . We found that the slow-growing organism is also highly susceptible to both CF0001 and CF0002 (Fig. 10B) . In fact, the apparent MICs for C. trachomatis A (80 M) were even slightly lower than those for the fast-growing wild-type MoPn (100 M). Therefore, the early growth defect in MCR is unlikely to be responsible for the resistant phenotype.
Unsuccessful isolation of additional resistant mutants. Alongside the experiments leading to the isolation of MCR, we attempted but failed to isolate CF0001-resistant mutants from C. trachomatis L2. After MCR was isolated, we again attempted to isolate resistant mutants from C. trachomatis L2 and additional mutants from MoPn. For both strains, the starting libraries were nonmutagenized stocks and stocks harvested from cultures exposed to different doses of ethyl methanesulfonate, a DNA-damaging agent that has been used to efficiently mutagenize chlamydiae (34, 47, 48) . However, we were unable to isolate any additional resistant mutants in 5 repeated attempts for each bacterium. In total, 1.2 ϫ 10 8 IFU of MoPn and 6 ϫ 10 8 IFU of C. trachomatis L2 were used as starting inocula. Since some mutations created by the mutagen would certainly lead to slower growth, failure to isolate additional resistant variants is consistent with the notion that the early cycle growth defect is not the cause for resistance in MCR. Our inability to isolate additional mutants despite extensive efforts further suggests the possibility that resistance to these compounds is a complex phenotype, and the derivation of MCR represented an extremely rare event.
Lactobacillus growth is not affected by CF0001 and CF0002. Lactobacilli, which dominate the vaginal microbiome, play protective roles against pathogens (49) . Therefore, we assessed the effects of CF0001 and CF0002 on the growth of three common vaginal Lactobacillus species, L. crispatus, L. gasseri, and L. jensenii (49) . Significantly, at 100 M, neither compound exhibited an effect on the growth of any of the three strains (Fig. 11) , suggesting that benzylidene acylhydrazides can inhibit chlamydiae without affecting the growth of vaginal probiotic lactobacilli.
DISCUSSION
Benzylidene acylhydrazides as potential antichlamydials. We have identified benzylidene acylhydrazides, exemplified by CF0001 and CF0002, as inhibitors of chlamydiae. Although benzylidene acylhydrazides and salicylidene acylhydrazides are close analogs, three lines of evidence suggest that these two classes of compounds inhibit chlamydiae through distinct mechanisms. First, while the antichlamydial effect of salicylidene acylhydrazides depends on iron starvation and T3SS inhibition, as demonstrated previously (26) and in this work, chlamydial growth inhibition by benzylidene acylhydrazides is completely independent of iron deprivation (Fig. 3) . Second, the benzylidene acylhydrazide-resistant variant MCR does not show cross-resistance to salicylidene acylhydrazides (Fig. 5) . Finally, a very recently published study of a C. trachomatis mutant selected for resistance to iron-saturated INP0341, a salicylidene acylhydrazide, suggests that mutations in the protoporphyrin oxidase (HemG) mediate resistance to salicylidene acylhydrazides (50) . Neither HemG nor the other mutated gene found in the INP0341-resistant variant is also mutated in MCR; in addition, there do not appear to be any connections between the genes affected in the INP0341-resistant chlamydiae and those mutated in MCR. Thus, benzylidene acylhydrazides are novel antichlamydials. Significantly, neither CF0001 nor CF0002 demonstrates detectable toxicity to the host cells or vaginal probiotic lactobacilli at concentrations effective against chlamydiae. The lack of inhibition of lactobacilli is a particularly attractive feature of benzylidene acylhydrazides in consideration of evaluating them as therapeutic candidates for chlamydial infections because current antichlamydials also kill lactobacilli, and their use often results in yeast vaginitis (51) .
As with any antimicrobial, an important question with benzylidene acylhydrazides is the identity of their molecular target. Although salicylidene acylhydrazides are T3SS inhibitors, two facts suggest that benzylidene acylhydrazides are unlikely to affect the chlamydial T3SS. First, neither CF0001 nor CF0002 inhibits T3S (Fig. 1C and 5B ). In addition, no mutation was present in the genes encoding the chlamydial T3SS components in MCR.
We have evaluated roles of the four SNPs identified in MCR (Table 1) in resistance to benzylidene acylhydrazides. Despite major efforts, we have not been able to pinpoint a particular affected gene encoding the direct target or regulating susceptibility, due to limitations in each set of experiments. Thus, even though C. pneumoniae, which similarly to MCR bears the A228V substitution in its MOMP, is highly susceptible to CF0001 (Fig. 6) , it is still possible that the A228V mutation is necessary for resistance in MCR because of other amino acid changes in MOMP (particularly changes within the transmembrane domains of the protein) between C. muridarum and C. pneumoniae (52) . The decreased ATP/ ADP translocase expression in MCR (Fig. 7B ) and the lack of effects of CF0001 and CF0002 on the ability of the translocase to transport nucleotides (Fig. 7C) suggest that the translocase does not mediate the entry of the inhibitors. However, it cannot be ruled out that a hypothetical benzylidene acylhydrazide metabolite, derived by the host cells and being responsible for inhibition of chlamydiae, uses the translocase to enter chlamydiae. Likewise, a lack of inhibition of the transcription activation activity of GrgA by the inhibitors suggests that the transcription factor is not a direct target of inhibitors. However, these findings do not exclude the possibility that a host or chlamydia-derived metabolite affects the activity of GrgA. Finally, even though the CT135 frameshift mutations in LC-CtD and EC-CtD do not seem to affect inhibition efficiency of CF0001 and CF0002, it is important to notice that the effect of SNP3 of MCR on TC0412 expression and the effect of the frameshift in LC-CtD on CT135 expression may not be identical if translation reinitiation occurs in the chlamydial mutants. Whereas an N-terminally truncated TC0412 might be generated in MCR as a result of translation reinitiation at codon 45, reinitiation in LC-CtD would not occur until codon 86 (translation table not shown).
Two findings indicate that the growth defect of MCR is an unlikely nonspecific cause for resistance. First, the slow-growing C. trachomatis A is highly susceptible to both CF0001 and CF0002 (Fig. 10) . Second, some of the mutants created after EMS mutagenization must also suffer growth deficiency, but these were not selected for by CF0001. Our inability to isolate additional mutants, even from stocks created from cultures treated with high doses of ethyl methanesulfonate, suggests the possibility that interplay between multiple gene defects is required for resistance.
Three strategies could be employed in the future to identify the target(s) and/or mechanism(s) for resistance. First, since chlamydiae, including C. muridarum, can now be transformed (53) (54) (55) (56) (57) (58) (59) , it may be possible to determine which mutated gene(s) in MCR confers resistance to benzylidene acylhydrazides by expression of the wild-type copies of mutated genes either individually or in combination and by examining whether this expression restores susceptibility to this class of compound. Potential pitfalls for this reverse-genetics approach include limited accommodation capacity in the shuttle vector, which is already about 10 kb, and a possible need for knocking out the chromosomal alleles to achieve a clear background. Second, chlamydial variants with a null mutation(s) of the genes mutated in MCR could be generated by a methodology developed through chemical mutagenesis (47) or group II intron-mediated gene inactivation (59) , provided that the genes to be targeted are nonessential. If none of the single mutations is sufficient to cause resistance, secondary and even tertiary mutations could be created likewise. Finally, since recombinant chlamydiae can be generated from strains with resistance to different inhibitors (60, 61) , it should be possible to recombine the genome of MCR with another chlamydial genome to determine which SNP(s) is required and sufficient for resistance.
Functions of proteins affected by SNPs in MCR. Interestingly, MCR displays an early phase growth defect, indicating an important role for one or more of the four genes mutated in MCR in the regulation of chlamydial growth. A cDNA microarray study has demonstrated that transcription of the ATP/ADP translocase in C. trachomatis occurs immediately after entry, suggesting a critical role of the translocase in supplying ATP to the organism during the early developmental phase (62) . Therefore, a reduction in ATP/ADP translocase expression is most consistent with the growth deficiency phenotype.
In addition to the decreased ATP/ADP translocase expression, the R51G mutation in GrgA may also contribute to the growth defect. We envision two potential and mutually nonexclusive mechanisms by which R51G GrgA delays the growth. First, the loss of transcription activation activity in R51G GrgA may be partially or completely responsible for the decreased expression level of the translocase, despite the presence of a mutation upstream of the ATP/ADP translocase open reading frame. In vitro studies suggest that GrgA functions as a general transcription activator for genes dependent on the primary factor, 66 . Consistent with a potential role of GrgA in transcription of the translocase gene is the existence of putative Ϫ35 and Ϫ10 elements of 66 -dependent promoters (not shown) upstream of the predicted transcription start site (Fig. 7) . Second, a functional defect of GrgA likely affects expression of additional genes whose products are also important for early chlamydial development. Efforts are being directed at understanding how GrgA regulates chlamydial gene transcription in vivo.
MOMP has been studied extensively for its abundance and immunogenicity (32, (63) (64) (65) . Despite a lack of direct experimental data, a regulatory role for MOMP in chlamydial development and growth is conceivable since MOMP functions as a porin for ions (39) (40) (41) . Accordingly, the A228V mutation in MOMP could contribute to the early growth defect in MCR.
TC0412, a 360-amino-acid protein, is truncated at residue 24 in MCR (Table 1) . This truncation may or may not have a significant effect on gene function since translation could be reinitiated at codon 45. Regardless, the functions of TC0412 or its homologs in other Chlamydia species are unlikely to be essential for bacterial growth in cell culture since frameshift mutations have been detected in various locations of the gene and in numerous strains (30, (66) (67) (68) (69) . However, in vivo studies have demonstrated CT135 as a virulence determinant in C. trachomatis infection (30, 45) . Accordingly, a frameshift at codon 45 in CT135 resulted in longer duration of pathogen shedding in intravaginally inoculated mice compared to a frameshift at codon 86 (30) .
In conclusion, we have demonstrated that benzylidene acylhydrazides are a novel class of antichlamydials. Unlike salicylidene acylhydrazides, benzylidene acylhydrazides inhibit chlamydiae through a mechanism that is independent of iron starvation and T3SS inhibition. Well tolerated by host cells and Lactobacillus, which is a dominating constituent of vaginal microbiota in most healthy women (49) , benzylidene acylhydrazides are of potential therapeutic value. Finally, the benzylidene acylhydrazide-resistant chlamydial variant MCR may serve as a useful model organism for investigation of the inhibition mechanism and the function and regulation of proteins affected by the SNPs in the variant.
